Introduction
The formation and maintenance of the vertebrate skeleton are energy-intensive processes that impact global energy expenditure and are influenced by metabolic hormones like insulin, leptin, and adiponectin (1) (2) (3) (4) (5) . In states of extreme malnourishment, bone growth ceases and a reduction in bone mass is associated with increased fracture risk (6) (7) (8) . In addition, the metabolic disturbances associated with diabetes are accompanied by abnormal bone mineral density and increased fracture risk (9) (10) (11) .
To date, the vast majority of studies on the intermediary metabolism of osteoblasts have focused on the utilization of glucose. This concept stems from early studies that illustrated cultured osteoblasts metabolize glucose to lactate (12) (13) (14) and that osteoanabolic hormones and growth factors stimulate glucose consumption (15, 16) . Recent studies have confirmed these findings using more refined genetic and molecular techniques and elaborated on mechanisms of glucose acquisition and utilization (17) (18) (19) (20) . For instance, transport by glucose transporter-1 (Glut1) instructs the commitment of early progenitors to the osteoblast lineage by inhibiting the activation of AMP-activated protein kinase, a sensor of cellular energy status, and thereby stabilizing the master osteogenic transcription factor Runx2 (21) . Likewise, expression of Glut4 allows osteoblasts to contribute to the clearance of glucose from the circulation (22) .
Postnatal bone formation is influenced by nutritional status and compromised by disturbances in metabolism. The oxidation of dietary lipids represents a critical source of ATP for many cells but has been poorly studied in the skeleton, where the prevailing view is that glucose is the primary energy source. Here, we examined fatty acid uptake by bone and probed the requirement for fatty acid catabolism during bone formation by specifically disrupting the expression of carnitine palmitoyltransferase 2 (Cpt2), an obligate enzyme in fatty acid oxidation, in osteoblasts and osteocytes. Radiotracer studies demonstrated that the skeleton accumulates a significant fraction of postprandial fatty acids, which was equal to or in excess of that acquired by skeletal muscle or adipose tissue. Female, but not male, Cpt2 mutant mice exhibited significant impairments in postnatal bone acquisition, potentially due to an inability of osteoblasts to modify fuel selection. Intriguingly, suppression of fatty acid utilization by osteoblasts and osteocytes also resulted in the development of dyslipidemia and diet-dependent modifications in body composition. Taken together, these studies demonstrate a requirement for fatty acid oxidation during bone accrual and suggest a role for the skeleton in lipid homeostasis.
Many cells also depend on fatty acids to generate ATP, which -by weight -yields more energy than carbohydrates. Initial studies suggested that fatty acid metabolism contributes as little as 40% of the energy yield that cultured osteoblasts derive from the metabolism of glucose (23) . However, our previous work demonstrated that fatty acid β-oxidation increases dramatically as osteoblasts mature in vitro and that anabolic Wnt signaling through the low-density lipoprotein-related receptor-5 promotes fatty acid oxidation (24) . Similarly, histological and radiotracer studies indicate that bone takes up a significant fraction of postprandial lipoproteins (25) , while in vitro studies suggest that high-and low-density lipoproteins are sufficient to maintain osteoblast proliferation under serum-free conditions (26) .
Here, we investigated the requirement for fatty acid oxidation during postnatal bone acquisition by disrupting the expression of carnitine palmitoyltransferase-2 (Cpt2), an obligate enzyme in mitochondrial fatty acid β-oxidation, in osteoblasts and osteocytes. The translocation of long-chain fatty acids into the mitochondrial matrix for β-oxidation requires the activity of 2 carnitine acyl-transferases. Cpt1, which transfers fatty acyl groups from CoA to carnitine, is associated with the outer mitochondrial membrane and is the rate-limiting enzyme in fatty acid β-oxidation. However, this enzyme is encoded by 3 isoforms (Cpt-1a, Cpt-1b, and Cpt-1c) with overlapping tissue expression patterns (27) (28) (29) (30) (31) and the potential for functional compensation among isoforms in gene loss of function studies (32) . Cpt2, which reverses the reaction catalyzed by Cpt1 after the shuttling of acylcarnitines by specific transporters into the mitochondrial matrix, is associated with the inner mitochondrial membrane and encoded by a single gene (30) .
Here, we report that the loss of Cpt2 function impairs postnatal bone acquisition and osteoblast differentiation. These defects are particularly severe in female mice and osteoblasts exposed to estrogen, which exhibit an impaired ability to enhance glucose utilization in the face of impaired fatty acid metabolism. Intriguingly, deficiencies in fatty acid utilization by osteoblasts and osteocytes are also sufficient to alter whole body lipid homeostasis and, in the context of high fat-diet feeding, result in increased adiposity, presumably due to the reallocation of energy sources. 
Results

Skeletal accumulation of fatty acids.
As a first step in characterizing fatty acid uptake by the skeleton and to determine the relative contribution of bone to whole-body fatty acid metabolism, we administered radiolabeled fatty acid tracers by gavage and performed biodistribution studies. As expected, the uptake of 3 H-bromopalmitate, a non-β-oxidizable analog of the most common fatty acids in animals, and 14 C-oleate, a monounsaturated fatty acid, was greatest in the heart and liver ( Figure 1 , A and C). Significant uptake of both tracers was also evident in the femur, tibia, and calvaria. When normalized for tissue weight, uptake in the selected bones was approximately 80% of that taken up by the quadriceps femoris muscle, 40% of that taken up by the gonadal fat pad, and 10% of that taken up by the liver. When the levels of uptake in the femur, tibia, and calvaria were combined (skeleton), they exceeded those evident in gonadal fat and the quadriceps femoris muscle (Figure 1 , B and D), implying that bone plays a significant role in the clearance of plasma fatty acids.
To localize fatty acid uptake in bone, we administered the long-chain fatty acid tracer 125 I-iodine-15-(p-iodophenyl)-3(R,S)-methylpentadecanoic acid (BMIPP) (33, 34) and performed autoradiography analyses on the tibia. BMIPP uptake was primarily localized to the cortical bone envelope and the Figure 1E ). Assessment of de novo fatty acid synthesis, indexed by the incorporation of 3 H-acetate into tissue lipids, indicated that bone is unlikely to contribute significantly to fatty acid anabolism, as the level of acetate incorporation in the femurs of male mice was less than 30% of those evident in white adipose tissue ( Figure 1F ). Since bone does not store or synthesize a significant amount of fat, acquired fatty acids are likely to be oxidized for energy production.
Loss of Cpt2 function in osteoblasts impairs bone acquisition in female mice. To characterize the requirement for fatty acid β-oxidation during bone formation, we generated mice in which the Cpt2 gene that encodes Cpt2 was selectively disrupted in osteoblasts and osteocytes. Cpt2 lox/lox mice in which exon 4 is flanked by loxP sites (35, 36) were crossed with Oc-Cre mice (37) ). Both male and female ΔCpt2 mice were born at the expected Mendelian frequency, exhibited 70% reductions in Cpt2 mRNA levels in skeletal tissue (Figure 2A ) with normal expression levels in other metabolic tissues (Supplemental Figure  1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92704DS1), and maintained normal body weights ( Figure 2B ).
Male ΔCpt2 mice exhibited only transient deficits in skeletal architecture. MicroCT analyses revealed normal bone structure in the mutant mice at 4 weeks of age, but significant reductions in trabecular bone volume ( Figure 2 , C and D) -in association with modest declines in both trabecular number and thickness (data not shown) -were evident in both the distal femur and L5 vertebrae at 6 weeks of age. With advancing age (12 weeks), this phenotype completely resolved. By contrast, female ΔCpt2 mice exhibited persistent deficits in bone volume. Female mutants failed to attain the peak in femoral trabecular bone volume evident at 6 weeks of age in control littermates (Figure 2 , E-G) and maintained a low bone volume phenotype through 12 weeks of age. Similar reductions in trabecular bone volume and trabecular number were also evident in the spine, where the phenotype was apparent as early as 4 week of age ( Figure 2 , H and I). Female ΔCpt2 mutants also exhibited significant increases in cortical bone tissue area in the femur without changes in cortical bone thickness (Figure 2 , J-L), which raises the possibility that skeletal architecture has adapted to maintain bone strength in the face of inferior bone quality. To examine the cellular basis for the reduced bone volume in female ΔCpt2 mice, we next performed static and dynamic histomorphometric analyses in the trabecular bone compartment of the distal femur at both 4 and 12 weeks of age (Table 1) To determine if osteoblasts rely primarily on exogenous fatty acids or utilize intracellular stores, we used the same genetic strategy to disrupt the Pnpla2 gene that encodes adipose triglyceride lipase (Atgl), the first and rate-limiting enzyme in the hydrolysis of intracellular triglycerides (38) , in osteoblasts lacking Atgl (ΔAtgl). The loss of Atgl function did not affect body weight or trabecular bone acquisition (Supplemental Figure 2 ). Likewise, oxidation of fatty acids and matrix mineralization proceeded normally in in vitro cultures of ΔAtgl osteoblasts. Therefore, oxidation of acquired fatty acids by the osteoblast is required to fuel normal bone acquisition and mineralization in female and, to lesser extent, male mice.
Estrogen exacerbates defects in osteoblast differentiation associated with Cpt2 loss of function. To further examine the requirement for fatty acid oxidation during bone formation, we assessed osteoblast performance in vitro. Calvarial osteoblasts were isolated from Cpt2 lox/lox mice and were infected with adenoviral constructs directing the expression of Cre recombinase (ΔCpt2) or green fluorescent protein (control). ΔCpt2 cultures exhibited a more than 97% reduction in the levels of Cpt2 mRNA relative to control cultures ( Figure 3A) , as well as a 60% reduction in the ability to fully oxidize 14 C-labeled oleic acid to 14 CO 2 ( Figure 3B ) -a 58% reduction in the oxygen consumption rate when cultured in the presence of oleate ( Figure 3C ) -and the accumulation of several acylcarnitine species (Supplemental Table 2 ). The remaining capacity of ΔCpt2 cultures to oxidize oleic acid is likely due to either peroxisomal fatty acid oxidation or ω-oxidation. Consistent with this idea, the levels of some hydroxylated acyl-carnitines were reduced in ΔCpt2 osteoblast cultures relative to controls (Supplemental Table 2 ).
Loss of Cpt2 function resulted in a mild impairment in osteoblast differentiation in vitro that was marked by significant decreases in the expression of the osteogenic markers Runx2, Sp7 (Osterix), and Bglap2 (Osteocalcin) ( Figure 3D ), as well as reduced staining for alkaline phosphatase activity and a 20% decrease in matrix mineralization ( Figure 3 , E and F). The expression levels of genes associated with osteoclast development were not affected (data not shown). In accordance with the more dramatic defect in skeletal architecture evident in female Cpt2 mutants (Figure 2 ), the addition of 10 nM 17β-estradiol (E2) to cultures resulted in a more substantial impairment in the maturation of ΔCpt2 osteoblasts (Figure 3, D-F) . E2 treatment of control osteoblasts produced the expected osteogenic effect, but the expression levels of Runx2, Osterix, and Bglap2 and matrix mineralization (38%) were reduced to a greater degree in E2-treated ΔCpt2 osteoblasts when compared with vehicle-treated, mutant cultures. Likewise, the expression level of Col1a1, which was not affected by Cpt2 ablation alone, was significantly downregulated after E2 treatment.
We speculated that the more severe defect in in vitro maturation induced by E2 treatment of ΔCpt2 osteoblast might be due to an inability to adjust fuel selection, since E2 favors fatty acid utilization in a number of tissues (39) (40) (41) (42) . To test this idea, control and ΔCpt2 osteoblast cultured in the presence or absence of E2 were labeled with 2-deoxy-D-[ Figure 3G ), suggestive of an adjustment in cellular metabolism to maintain ATP levels. Likewise, ΔCpt2 osteoblasts generated more lactate ( Figure 3H ), exhibited an increase in the expression of genes encoding lactate dehydrogenase and Glut1 ( Figure 3I ), and displayed an increase in the extracellular acidification rate ( Figure 3K ) without a change in oxygen consumption rate ( Figure 3J ) when cultured in the presence of 2.5 mM glucose. This shift toward glycolytic metabolism was completely inhibited in ΔCpt2 osteoblast cultures treated with E2. The acquisition of glutamine, another potential energy source for osteoblasts (43), was not affected by Cpt2 deficiency and was mildly suppressed by E2 treatment ( Figure 3L ). As a result, ΔCpt2 osteoblast cultures treated with E2 exhibited a reduction in cellular ATP levels ( Figure 3M ) and the development of an energy stress response marked by increased levels of AMPKα phosphorylation ( Figure 3N ). Taken together, these in vitro data reveal the importance of fatty acid oxidation during osteoblast differentiation and suggest that the impaired acquisition of peak bone mass in female ΔCpt2 mutants may be due to a compromised ability to adjust fuel selection.
Cpt2 deficiency alters body composition and glucose uptake by the skeleton in male mice. To determine the significance of increased glucose uptake by ΔCpt2 osteoblasts cultured in vitro, we administered the glucose analog Figure 4A) . Similarly, the expression levels of Ldha, Ldhb, and Scl2a1 (encoding Glut1) were significantly increased in mRNA samples isolated from the femoral cortex, which is enriched in osteoblasts and osteocytes, from male ΔCpt2 mice ( Figure  4C ). [
18 F]-FDG uptake was not increased in the femur of female Cpt2 mutants ( Figure 4B) , nor was the expression of lactate dehydrogenase or Glut1 increased ( Figure 4C ), which further confirms the sexual dimorphism in the ability of osteoblasts to adjust fuel utilization.
The reduced uptake of [
18 F]-FDG in the inguinal white adipose tissue (iWAT) of male Cpt2 mutants ( Figure 4A ) led us to question whether the loss of Cpt2 function in osteoblasts and osteocytes influenced body composition and whole body metabolism. Quantitative assessment of body composition by NMR and necropsy (Figure 4 , D-G) revealed a reduction in fat mass in male, but not female, ΔCpt2 mice relative to control littermates. Additionally, histomorphometric analyses of the gonadal fat pad (Figure 4 , H-J) demonstrated that adipocyte size was reduced in male mutants, which suggests that the increased utilization of glucose by Cpt2-deficient osteoblast in male mice might lead to reduced storage in adipose tissue. Liver morphology was not affected in ΔCpt2 mice ( Figure 4K ).
Despite the reduction in fat mass and reduced adipocyte size in male ΔCpt2 mice, random-fed glucose levels were equivalent to controls in both male and female ΔCpt2 mice ( Figure 4L ), and the mutant mice exhibited normal glucose dynamics in glucose-tolerance and insulin-tolerance tests (Supplemental Figure  3) . However, both male and female mutants exhibited a dyslipidemia (Figure 4 , M-Q). Serum free fatty acid levels were increased in both sexes relative to control littermates, while female mutants also had elevated triglyceride levels. Thus, the loss of Cpt2 function in osteoblasts and osteocytes is sufficient to disturb lipid homeostasis in both sexes, but male mutants are able to maintain nearly normal bone mass, presumably by altering glucose distribution.
Osteoblast-specific Cpt2 mutants are sensitized to high-fat diet feeding. We next questioned whether challenging male ΔCpt2 mice with a high-fat diet would result in more severe skeletal and metabolic phenotypes, since high-fat diet feeding and the ensuing accumulation of adipose tissue increases estrogen levels in males ( Figure 5A) (44, 45) . Cohorts of 4-week-old male control and ΔCpt2 mice were fed a high-fat diet (60% of calories from fat) for 8 weeks before analysis. While control and mutant mice exhibited similar increases in body weight ( Figure 5B ), microCT analysis revealed significant bone loss in both the distal femur and L5 vertebrae of the high-fat diet-fed ΔCpt2 mice (Figure 5, C-G) . Indeed, while high-fat diet feeding produced a mild increase in the trabecular bone volume of control mice relative to age-matched chow-fed mice (16.3% in the distal femur, Figure 5G ), bone volume was reduced by 33.4% in the femurs of ΔCpt2 mice, which serum analysis suggested was primarily due to a reduction in bone formation ( Figure 5, H and I) .
At necropsy, it was clear that the body composition phenotype of ΔCpt2 mice had been reversed by high-fat diet feeding, such that the weights of all major fat pads were increased in the mutants relative to controls ( Figure 6A ), while visceral organ weights were unaffected ( Figure 6B ). In line with the increase in fat mass, adipocyte size was increased in both the gonadal and inguinal fat pads ( Figure 6 , C-E) of the ΔCpt2 mice relative to controls, which is suggestive of a marked increase in adipocyte hypertrophy. Likewise, histological examination of the liver ( Figure 6C ), as well as the extraction of tissue lipids ( Figure 6F ), revealed that the ΔCpt2 mice had accumulated more triglyceride within this tissue. Consistent with the phenotype of chow-fed animals, ΔCpt2 mutants remained hyperlipidemic, as serum triglycerides and free fatty acids were elevated relative to controls ( Figure 6 , G-K). However, whereas chow-fed mutants did not exhibit a change in glucose metabolism ( Figure 4L and Supplemental Figure  3 ), random-fed glucose levels were increased in high-fat diet-fed mutants ( Figure 6L) . Additionally, the mutant mice were hyperinsulinemic ( Figure 6M ), performed poorly in glucose tolerance and insulin sensitivity tests ( Figure 6, N and O) , and exhibited an increase in pancreatic β cell islet size ( Figure 6 , P and Q), indicative of the development of insulin resistance. Indeed, the ability of a bolus of insulin to stimulate Akt phosphorylation was reduced in both adipose tissue and bone ( Figure 6 , R and S), without a significant effect on the circulating levels of undercarboxylated osteocalcin ( Figure 6T ). Together, these data indicate that the inhibition of fatty acid metabolism in osteoblasts and osteocytes is sufficient to sensitize mice to the detrimental metabolic effects of a high-fat diet feeding and demonstrate the requirement for adequate fatty acid utilization to maintain skeletal mass.
Discussion
The well-established derangements in bone mass and strength in conditions of malnutrition and disturbed metabolism, as in diabetes mellitus, demonstrate the close association of skeletal metabolism and the acquisition of bone mass with nutrient status and homeostasis (6) (7) (8) (9) (10) (11) . In this study, we explored the requirement for sufficient fatty acid β-oxidation during bone acquisition by generating mice that lack Cpt2 specifically in osteoblasts and osteocytes. Our results demonstrate that fatty acid catabolism is required for normal bone mass accrual and that the impact of impaired β-oxidation is heavily influenced by sex and diet. To the best of our knowledge, these are the first studies to demonstrate the essential nature of fatty acid oxidation for normal bone acquisition.
As indicated above, the utilization of fatty acids as an energy source by cells of the osteoblast lineage has not been well studied. Early in vitro studies predicted fatty acid oxidation would contribute only a fraction of the energy production of glucose metabolism in osteoblasts (23) . However, a more recent study indicated that the skeleton is a site of significant lipoprotein uptake (25) , which is in agreement with the levels of radiolabelled bromopalmitate and oleate uptake in selected bones that we report here. The vast majority of studies have instead focused on the detrimental effects of high-fat diet feeding on skeletal homeostasis. In general, these studies have reported a reduction in bone mass secondary to reduced osteoblast activity and increased osteoclastic bone resorption (46) (47) (48) (49) , as well as reduced sensitivity to anabolic hormones such as parathyroid hormone (PTH) (50) .
Our analysis of bone structure revealed defects in trabecular bone structure in both male and female Cpt2 mice, but the phenotype was more severe in female mutants where bone volume was reduced at all time points examined. Histomorphometric studies performed in this sex suggested that the reduction in bone volume was secondary to impairments in mineralization, as the MAR was reduced and parameters of osteoid accumulation were increased. These in vivo data are supported by both the reduced ability of ΔCpt2 osteoblast cultures to form a mineralized matrix and our previous finding of a dramatic increase in fatty acid oxidation as osteoblasts attain a mature phenotype (24) . Likewise, these data are consistent with previous studies that reported a linkage between bone mass and the function of CD36 (51) and FFA4 (52) , receptors that facilitate fatty acid uptake and are activated by extracellular fatty acids, respectively. However, it is important to keep in mind that these studies were completed in the context of global CD36 or FFA4 deletion and could be confounded by changes in the metabolic activity of other tissues.
The increase in glucose uptake evident in osteoblast cultures deficient for Cpt2 strongly suggests that the defect in osteoblast differentiation is secondary to unmet metabolic demand. Cultures of ΔCpt2 osteoblasts produced more lactate and exhibited an increase in the expression of transcripts encoding Glut1 and lactate dehydrogenase, which are likely a compensatory mechanism intended to maintain ATP levels. However, we cannot completely rule out the possibility that epigenetic mechanisms also contribute to impaired osteoblast differentiation due to Cpt2 deficiency. Much like glucose catabolism, intramitochondrial fatty acid metabolism generates acetyl-CoA that can contribute to chromatin acetylation (53) . We plan to explore this possibility in future studies.
The ability to modify fuel selection and increase glucose uptake as a result of impaired long-chain fatty acid metabolism also appears to be at the root of the sexual dimorphism in the skeletal phenotype of Cpt2 mutants. [
18 F]-FDG biodistribution studies demonstrated that glucose uptake was increased in male mutants but not in female mutants. Intriguingly, treatment of osteoblast cultures with estrogen, the primary G) Wet weights of adipose depots in 12-week-old male (F) and female (G) mice (n = 7-11 mice) . (H) Representative histological images of the gonadal fat pad. Original magnification, 10× (representative of n = 6-11 mice). (I and J) Frequency distribution of adipocyte size in the gonadal fat pad of male (I) and female (J) mice (n = 6-11 mice). (K) Representative histological image of liver in 12 week old male control and ΔCpt2 mice. Original magnification, 10× (representative of n = 6-11 mice). (L) Random-fed blood glucose (n = 11-17 mice). (M-Q) Random-fed serum lipid analyses (n = 7-11 mice). All data are represented by mean ± SEM. *P < 0.05 by unpaired, two-tailed Student's t test.
female sex hormone, produced a similar result, wherein glucose uptake and lactate generation were abolished in ΔCpt2 osteoblasts. As a result, cellular ATP levels were reduced and the activation status of AMP-Kα, which can regulate that activity of Runx2 (21), was increased. Estrogen favors fatty acid metabolism in a number of tissues (39) (40) (41) (42) and may therefore prevent the switch to glycolytic metabolism in osteoblasts. This idea is worthy of additional study and will likely require the use of models in which estrogen receptor signaling has been modified in the osteoblast lineage. An impaired ability to modify fuel selection may also explain the precipitous loss of bone mass evident in male Cpt2 mutants fed a high-fat diet over an 8-week period. High-fat diet feeding and the ensuing accumulation of adipose tissue increases the aromatization of testosterone and thereby increases serum estrogen levels even in males (44, (54) (55) (56) , which could, in turn, prevent glucose utilization in the skeleton of high-fat diet-fed ΔCpt2 mice.
A striking finding of our study was the disturbances in whole-body lipid metabolism and body composition following the loss of Cpt2 function in osteoblasts and osteocytes. Regardless of diet, both male and female ΔCpt2 mice had increased serum free fatty acid levels, while chow-fed female mutants and high-fat diet-fed male mutants presented with hypertriglyceridemia. The development of dyslipidemia in these models further confirms the idea that cells of the osteoblast lineage are significant utilizers of available fatty acids and is suggestive of a redistribution of energy resources when fatty acid utilization is compromised in the osteoblast. In this regard, the current data are entirely compatible with the conclusions of our previous work (24) , which reported an increase in adiposity and the development of dyslipidemia in mice lacking the Wnt-signaling coreceptor Lrp5, specifically in osteoblasts and osteocytes. Based on the reduced expression of enzymatic mediators of fatty acid β-oxidation in Lrp5-deficient osteoblasts, we hypothesized that Wnt signaling promotes fatty acid utilization in the osteoblasts and that reductions in Wnt signaling result in reduced lipid utilization and its storage in adipose tissue (24) . The similarities in the metabolic phenotypes of mice deficient for Lrp5 and Cpt2 in osteoblasts and osteocytes lend credence to this idea.
A redistribution of fatty acids likely explains the increase in fat mass, adipocyte hypertrophy, and hepatic steatosis evident in Cpt2 mutants fed a high-fat diet. Since the levels of undercarboxylated osteocalcin, a putative bone-derived regulator of insulin sensitivity, were not affected in ΔCpt2 mice, these phenotypes are expected to contribute to the reduced glucose tolerance and development of insulin resistance in the mutant mice. Given our previous experience with mouse models in which fatty acid utilization by osteoblasts is reduced (24), we were surprised that a similar increase in adiposity was not evident in chow-fed mutants. Instead, quantitative NMR (qNMR) analysis of chow-fed male mutants indicated a reduction in fat mass, which was most evident in the gonadal fat pad. As indicated above, this phenotype is predicted to be the result of altered glucose utilization and a renormalization of glucose storage.
Whether or to what extent enhancing fatty acid oxidation by the osteoblast could be used to increase bone mass or improve serum lipid profiles is currently unknown but is deserving of additional study. The observations that treating in vitro osteoblast cultures with carnitine, a cofactor in the transport of fatty acids into the mitochondria, increases fatty acid oxidation and collagen production (57) -and that carnitine supplementation may improve bone mineral density in ovariectomized rats (58, 59 ) -raises the possibility of an anabolic effect. It is plausible that anabolic therapies designed to improve bone mass might act to increase fatty acid utilization in the skeleton. As an example, parathyroid hormone has recently been demonstrated to increase the metabolic activity of adipose tissue (60) . The role of this hormone in osteoblast metabolism has largely been restricted to its affect on glycolysis (19) , even though cAMP signaling, a major effector of PTH, promotes fatty acid utilization (61, 62) .
In summary, our study further confirms the direct link between bone cell metabolism and whole-body metabolism. While it was previously assumed that cells of the osteoblast lineage were primarily glycolytic in nature, it is now clear that fatty acid metabolism is essential to postnatal bone development and homeostasis and that skeletal fatty acid utilization contributes to whole-body lipid homeostasis.
Methods
Supplemental Methods are available online with this article.
Animal models. The generation of mice in which exon 4 of the mouse Cpt2 gene is flanked by loxP sequences was previously described (35, 36) . To generate osteoblast-and osteocyte-specific KO, Cpt2 lox/lox mice were crossed with Osteocalcin-Cre (Oc-Cre TG/+ ) mice (37) . PCR analysis of ear or tail biopsies was used to confirm genotypes. See Supplemental Table 1 for primers used for analysis. All mice were maintained on a C57Bl/6 background. Mice were housed on ventilated racks on a 14-hour light/10-hour dark cycle and fed ad libitum with a standard chow diet (Extruded Global Rodent Diet, Harlan Laboratories). For the diet-induced obesity studies, mice were fed a 60% high-fat diet (D12492, Research Diets) from 4 weeks of age. C57BL/6 mice were obtained from The Jackson Laboratories and acclimated for at least 2 weeks prior to use.
Lipid and glucose biodistribution. For lipid biodistribution studies, 5 μCi I (PerkinElmer) in house. Purity was verified by thin-layer chromatography (TLC) on aluminum-backed silica gel G plate (Merck KGaA) using 80:20:5 petroleum ether/diethyl ether/acetic acid. One hour after retro-orbital administration of BMIPP, tissues were harvested, frozen in optimal cutting media, and sectioned using a Leica 1800 cryostat at a thickness of 10 μm. Standard sensitivity phosphor-screens (PerkinElmer) were exposed for 10 days at -20˚C. Digital autoradiograms were acquired using the Cyclone Phosphorimager with the AutoQuant software (Packard).
Clinical grade [
18 F]-FDG was obtained from the Johns Hopkins PET Center Radio-pharmacy, supplied by PETNET Solutions (Siemens Healthcare). Injectate was assayed using a sodium iodide CRC-15 dose calibrator and a calibration factor of 439 (Capintec). Following a 5-hour fast, mice were injected via the analyses (n = 7-10 mice). (L) Random-fed blood glucose (n = 11-13 mice). (M) Random-fed serum insulin (n = 7-10 mice). (N) Glucose tolerance testing and (O) insulin tolerance testing (n = 7-10 mice). (P) Representative histological images of pancreatic islets after immunostaining for insulin. (Q) Quantification of mean islet area (n = 7 mice). (R and S) Analysis of Akt phosphorylation in gonadal adipose, liver, and bone after a bolus of insulin (n = 6 mice). (T) Serum Glu-osteocalcin (n = 5-11 mice). All data are represented by mean ± SEM. *P < 0.05 by unpaired, two-tailed Student's t test. retro-orbital sinus with 100 μCi of tracer diluted to a final volume of 150 μl in isotonic saline. Following a 2-hour uptake period, under continuous isoflurane anesthesia, animals were sacrificed and tissues were collected. Tissue activity was assessed by γ counting, using an energy set ± 50 keV from the 511 keV photopeak (Wizard2, PerkinElmer). [ 18 F]-FDG levels were normalized to the weight of resected tissue and expressed relative to control tissues after calculation of the percent injected dose per gram tissue weight (%ID/g).
Skeletal phenotyping. High-resolution images of the mouse femur and L5 vertebra were acquired using a desktop microtomographic imaging system (Skyscan 1172, Bruker) in accordance with the recommendations of the American Society for Bone and Mineral Research (ASBMR) (64) . Bones were scanned at 50 keV and 200 μA using a 0.5-mm aluminum filter with an isotropic voxel size of 10 μm. In the femur, trabecular bone parameters were assessed in the 500 μm proximal to the growth plate and extending for 2 mm (200 CT slices). Femoral cortical bone structure was assessed in a 500-μm region of interest centered on the middiaphysis. In the spine, trabecular bone parameters were assessed between the cranial and caudal growth plates. Dynamic bone formation was assessed at 4 and 12 weeks of age by injection of 2 sequential 25-ml doses of calcein (0.8 mg/ml). The femur was fixed in ethanol, dehydrated, and embedded in methylmethacrylate. Sections (3 μm) were cut with a Microm microtome and stained with Masson-Goldner trichrome stain. The number of osteoblasts and osteoclasts per bone perimeter were measured at standardized sites under the growth plate at a magnification of 200× using a semiautomatic method (Osteoplan II, Kontron). These parameters comply with the guidelines of the nomenclature committee of the ASBMR (65, 66) . Serum bone turnover markers P1NP and CTx were measured by ELISA (IDS, catalogs AC-33F1 and AC-06F1, respectively).
Culture of primary osteoblasts. Mouse osteoblasts were isolated from the calvaria of 1-to 3-day-old neonates by serial digestion in 1.8 mg/ml collagenase (Worthington Biochemical). For in vitro deletion of Cpt2, osteoblasts isolated from Cpt2 lox/lox mice were infected with adenovirus encoding Cre recombinase or GFP (Vector Biolabs). A multiplicity of infection of 100 was used in all experiments, and gene deletion was confirmed by quantitative PCR (qPCR). Osteoblast differentiation was induced by supplementing αMEM containing 10% serum with 10 mM β-glycerol phosphate and 50 μg/ml ascorbic acid. Differentiation was confirmed by Alizarin red S staining for mineralization according to standard techniques. In some studies, 10 nM 17β-estradiol (Sigma-Aldrich) was added to the culture media
In vitro metabolic studies. Fatty acid oxidation by osteoblast cultures was measured in flasks with stoppers equipped with center wells as previously described (36) . Reactions were incubated at 37°C in media containing 0.5 mM L-carnitine, 0.2% BSA, and 14 C-oleate (PerkinElmer). Expired 14 CO 2 was captured and counted by the addition of 1N perchloric acid to the reaction mixture and 1M NaOH to the center well containing Whatman filter paper. The acidified reaction mixture was incubated overnight at 4°C and centrifuged at 13 g for 30 minutes before aliquots of the supernatant were counted for 14 C-labeled acid soluble metabolites. Glucose uptake was assessed as previously described (67, 68) . Briefly, osteoblast cultures were incubated in MEM (1 g/l glucose)/0.1% BSA at 37°C for 2 hours. The cells were then washed with KRH buffer (25 mM HEPES-NaOH [pH 7.4], 120 mM NaCl, 5 mM KCl, 1.2 mM MgSO 4 , 1.3 mM CaCl 2 ,1.3 mM KH 2 PO 4 ) containing no glucose and incubated for an additional 2 hours. Cells were incubated in KRH containing 2-deoxy-D-[ H-Glutamine were detected using a Beckman scintillation counter and normalized to protein content. Cellular lactate (Sigma-Aldrich) and ATP levels (Roche Diagnostics) were measured via commercially available kits (Sigma-Aldrich, MAK064; Roche ATP Bioluminescence Assay HSII, 11699709001). Oxygen consumption and extracellular acidification rate were measured using the Seahorse XF e 96 extracellular flux analyzer (Seahorse Bioscience). Cells (20,000) were seeded in 96-well microplates and then differentiated in the presence or absence of E2 for 7 days. Cells were incubated in minimal media (5 mM HEPES [pH 7.4], 2.5 mM glucose, 111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl 2 , 2 mM MgSO 4 , 1.2 mM Na 2 HPO 4 , 0.5 mM L-carnitine, and 34 μM BSA) supplemented with 200 μM oleate or 2.5 mM glucose for 1 hour before assessing cellular respiration. Results were normalized to cell number determined by CyQUANT (Invitrogen) staining of cellular nucleic acids. Antibodies specific for AMPK isoforms were obtained from Cell Signaling Technology (p-AMPKα, catalog 2534; AMPKα, catalog 5831; p-AMPKβ1, catalog 4186; AMPKβ1/2, catalog 4150)
Gene expression studies. Total RNA was extracted from cell cultures or mouse tissue using TRIzol (Life Technologies). Reverse transcriptase reactions were carried out using 1 μg of RNA and the iScript cDNA
